Abstract: Microarray-based techniques allow us to visualize and quantify the expression of every single gene in any population of cells. In yeast the true potential of large-scale transcriptome analysis in identifying regulatory units and understanding gene function has already been demonstrated by evaluating expression profiles of a comprehensive group of mutants. We discuss the potential of DNA-chip technologies for the analysis of gene expression in complex organisms. The usefulness of transcriptome analysis for clinical purposes und diagnosis of cancers is already well established. We argue that microarray-based expression profiling will also be a useful tool for the analysis of gene function and approaches complementary to classical phenotypic description in mammals, particularly in regard of the large resources of mutant models that are currently being generated by gene-targeting and mutagenesis of the mouse genome. Experimental requirements and potential future directions are discussed.
FROM MOUSE MUTANTS TO GENE FUNCTION
The human genome has almost completely been sequenced [1-**3] and the sequence of the mouse genome will be completed within the next years. A large fraction of genes is already mapped to their chromosomal region and the precision of such genetic maps is improving continuously (for review, e.g., [**4]). The focus of genomic research in the near future will be the systematic analysis of gene function within the complexity of the organism. This process will add meaning and interpretation to the genomic sequence. Driving force of this development is the interest in a better understanding of the basis of human genetic diseases, of biology and mammalian development.
The mouse is, for several reasons, the major model organism for human genetic disease and mammalian, developmental genetics [5, **6]. In its physiology and development, the mouse is very similar to humans. Second, extensive comparative linkage maps are available for mouse and man, and syntenic regions of both organisms are already described. More than 70.000 mouse UniGene clusters from ESTs (www.ncbi.nlm.nih.gov/UniGene/Mm.Home.html, www.dkfz-heidelberg.de/tbi/services/GeneNest) and full length cDNA clones (http://genome.rtc.riken.go.jp/) have been identified that are invaluable in determining gene structure, gene function and in generating radiation hybrid maps [7, 8] . Several projects are ongoing to develop high-*Address correspondence to this author at the GSF -Research Center for Environment and Health, Institute of Experimental Genetics, Ingolstädter Landstr.1, 85764 Neuherberg, Germany; Tel: +49 89 3187 3513; Fax: +49 89 3187 3500; E-mail: beckers@gsf.de throughput genotyping methods that do not require gelelectrophoresis and which are based on single nucleotide polymorphisms (SNPs) of inbred mouse strains [9] . The establishment of SNP maps for sets of different mouse strains will very much simplify the automation of genetic linkage analyses.
Finally, there is at the moment no other vertebrate than the mouse for which such versatile techniques to manipulate the genome are that well developed [10] [11] [12] . Homologous recombination in mouse embryonic stem cells allows the deletion or integration of chunks of DNA at almost any known locus in the genome [13, 14] . The generation of transgenic mice, e.g., by injecting DNA in the pronucleus of zygotes allows the ectopic addition of new sequences into the mouse genome -also across species [15] . Mutations may be designed such that they are inducible, e.g., at a particular developmental stage, in specific tissues or by an artificial activator [16] [17] [18] [19] . Moreover, trans-allelic targeted meiotic recombination between homologous loci allows the combination of linked alleles as well as interchromosomal unequal exchanges [20] .
In addition to such gene based approaches, forward genetic approaches such as chemical mutagenesis using, e.g., N-ethyl-N-nitrosourea (ENU) and insertional mutagenesis with, e.g., the gene trap technique can be performed at large scale and with high efficiency in the mouse [21] . To facilitate the mapping of mutations and to limit new alleles to genomic regions of particular interest, some projects combine the point-mutagen ENU with non-complementation tests using mice with large genomic deletions that may be generated, e.g., by X-irradiation or site-specific recombination [22] [23] [24] . Thus, the genetic tricks that are already available make the mouse an excellent model system for functional genomics. For the first time, the systematic and comprehensive analysis of gene function and gene expression mechanisms in a mammal closely related to humans appears feasible.
NETWORKS FOR PHENOTYPING
At present there are still far less mouse mutants available than there are genes and, even more so, than there are informative alleles -a phenomenon that has been termed 'the phenotype gap' [25] . To narrow this gap, some recent projects successfully focus on large-scale phenotype driven approaches to isolate new mutants and allelic series that are identified independent of known genes. Large-scale projects have been initiated at the MRC, Harwell, United Kingdom and at the GSF, Munich, Germany, to systematically mutagenise the mouse genome either by means of chemical mutagenesis or by insertional/gene trap mutagenesis in embryonic stem cells [*26 -28] . The implementation of such research facilities is now being extended to institutions in Australia, Japan, Canada, USA and other countries. The concept of these projects, however, is not an invention of mammalian geneticists and the human genome projects, but rather has been pioneered by researches that successfully implemented large scale approaches for the systematic mutagenesis of the genomes of Drosophila [29, 30] , Caenorhabditis [31, 32] , Arabidopsis [33] and Danio [34, 35] . These projects have been of tremendous value for the understanding of the function of genes within the respective organisms. The mutant resources generated in the past decades were the basis for the fundamental insight that genetic pathways have been remarkably conserved during evolution and that the multiple deployment of these pathways (or networks) for different functions is rather the rule than the exception [36] [37] [38] .
The major argument in favour of such phenotype based approaches is, that a gene required for (a) particular biological function(s) does not need to be cloned prior to the functional analysis. Instead, new, yet uncharacterised genes and their mutant alleles are identified. In addition, mutagenesis screens may be extended to identify genes with partially redundant or non-essential functions by the implementation of sensitised screens involving classical complementation tests (i.e., crossing a new mutant over a known mutant and examining the phenotype) [39] . Using ENU, which is at the moment the most potent mutagen for the induction of point mutations in mouse spermatogonia, a variety of alleles can be generated from a given gene locus [40] . The synthetic compound generally induces point mutations (mostly A-T transversions and A-G transitions), which potentially range from loss-of-function alleles, over hypomorphic to gain-of-function (hypermorphic) alleles. The availability of such diverse alleles has proven to be very informative, for example, for the analysis of late gene functions or the identification of functional domains of gene products. A major advantage of the gene trap mutagenesis approach, on the other hand, is that the inserted sequence serves as a tag to identify the mutagenised gene.
The several thousand mouse mutants that have been generated by undirected and directed mutagenesis in small laboratories as well as in high-throughput facilities have provided proof-of-principle that systematic, genome wide mutagenesis is feasible in the mouse. The principle difference between mouse mutagenesis screens and the previous screens in non-mammalian organisms is the significantly larger space and the more cost-intensive facilities required for such an approach in a mammal.
The success of a genome-scale mutagenesis project strongly depends on the quality and extend of the screening and phenotyping procedures. An efficient genome wide mutagenesis screen requires that the expertise of specialists from a variety of biological and medical fields is implemented in the screen of every potential mutant mouse generated by ENU treatment. In this regard, the systematic, phenotypic analysis of mouse mutants poses a challenge for both small laboratories and large facilities.
In order to reach the goal to systematically and comprehensively annotate every gene of the mouse genome with at least one described function ("one mutation in every gene"), the International Mouse Mutagenesis Consortium (IMMC) has called for a coordinated world-wide endeavour to integrate the research efforts of academic and economical laboratories [**41]. Specifically, it has been recognised that the establishment of networks for phenotyping centres will be one of the major milestones of this enterprise. It will be necessary to establish standard operating procedures and detailed phenotyping protocols that are made public so that phenotyping conditions can be reproduced and are directly comparable in laboratories world-wide. Recently, a mouse phenome database has been opened at the Jackson Laboratory, USA, that may serve as a platform for the research community to collect phenotypic data of commonly used and genetically modified inbred strain (www.jax.org/phenome).
We argue here that one important tool for an unbiased and systematic phenotypic analysis of mouse mutant resources at the molecular level is expression profiling (see below). In addition, microarray based techniques for transcriptome analysis have the potential for extensive automation. This facilitates standardisation and highthroughput analyses.
PHENOTYPING AT THE MOLECULAR LEVEL: THE POTENTIAL OF TRANSCRIPTOME ANALYSIS FOR FUNCTIONAL GENOMICS IN MAMMALS
The recent technologies to perform genome wide expression analyses have widely been recognized as a complementary approach to the 'classical' phenotyping strategies. The characterisation of changes in as many aspects as possible of an organism is the fundamental principal of the phenotypic analysis of mutants. The development of techniques to monitor gene expression at the genomic level, i.e., of thousands of genes in a single experiment, brings the possibilities of phenotyping to a new, molecular level [42] . The feasibility to monitor genome wide gene expression allows an unbiased way to access changes that are induced by a mutation. Such highly parallel expression studies will detect phenotypes -at the molecular level -that may otherwise not be detected in standard phenotypic screens that specialise, e.g., on external appearances of mutants, blood parameters, immunological alterations and so on. In particular, in combination with highthroughput mutagenesis projects, expression profiling will certainly further improve the efficiency of the phenotypical characterisation of existing mutants and the isolation of new mutants (Fig. 1) .
To date, most publications that apply microarray technologies deal with the classification of tumours, such as, breast [43, 44] and prostate [45] cancers or leukemias, embryonal tumours [46] , as well as inflammatory diseases such as rheumatoid arthritis [47] . The molecular phenotyping at a genomic scale of tumour tissues helps improve drug efficiencies in at least two ways: Transcriptome analysis allows an unbiased and systematic approach to tumour classification based on genome wide expression data [48] . It enables to differentiate between tumours that are morphologically, histopathologically, cytogenetically etc. indistinguishable but differ in their response to therapy [49] . Secondly, the molecular description may open the possibility to specifically design drugs that alter pathway activities to a (closer to) normal level [50] . Several target-designed drugs, aiming at specific molecular pathways, are already on the commercial market. Below, two examples related to the classification of leukemias are given, that show how molecular data in form of expression profiles can be used as diagnostic tool and to select therapy.
The differentiation between acute leukemias derived from lymphoid precursor (acute lymphoblastic leukemia) and from myeloid precursors (acute myeloid leukemia) is critical for the successful chemotherapeutical treatment [51] . In the first example, using RNA samples from 38 acute leukemias and chips containing 6817 genes it was demonstrated that the expression levels of approximately 1100 of these genes were more likely to correlate with class distinction between acute lymphoblastic and acute myeloid leukemia than being random [52] . New samples from heterogeneous sources of acute leukemias were assigned to one of the two classes based on the expression of 50 informative genes. Out of 34 samples, strong predictions were made for 29 samples with 100% accuracy. Interestingly, the arbitrarily chosen informative genes not only included markers of the haematopoietic lineage but also genes related to cancer pathogenesis, i.e. genes that code for proteins involved in S-phase cell cycle progression, chromatin remodelling, transcription, cell adhesion as well as known oncogenes. Thus, expression profiling may also provide insight into cancer pathogenesis and pharmacology [52] .
The second example provided evidence that the classification of cancers allows the design of therapeutic treatment to individual cases. It was shown that the morphologically indistinct group of diffuse large B-cell lymphoma (DLBCL) based on their RNA expression profiles can be classified in at least two, molecularly more homogenous groups. Based on the expression of B-cell marker genes, one group was related to germinal centre (GC) B cells and the second subtype expressed genes that are indicative of in vitro activated peripheral blood B cells. Interestingly, in this study GC B-like DLBCL patients had a Fig. (1) . For the analysis of mouse mutant resources phenotyping is key. We believe that besides the 'classical' phenotyping protocols molecular phenotyping, i.e., transcriptome and proteome analyses, will be an important tool for functional genomics and gene annotation. A comparative analysis of the transcriptome and proteome will allow distinguishing transcriptional and post-transcritpional regulation. The combination of innovative microdissection technologies with the molecular phenotyping techniques will pose an important challenge to improve sample homogeneity. The archiving of phenotypic data in mouse phenome databases serves as a virtual center for contributing laboratories. Phenome databases from different species are an important source for data-mining. 76% chance to survive the next five years following standard multi-agent chemotherapy, this chance was only 16% for patients with activated B-like DLBCL, whereas the average survival for all patients was 52% [53] . This study on the one hand demonstrates that applying more precise classifications of malignancies will allow a more selective use of therapy [54, 55] . On the other hand, this technique will also be helpful in designing new drugs. By precisely identifying the therapeutically induced molecular pathways in malignant cell lines upon chemotherapy, it may in the near future even be possible to design drugs -such as specific human antibodies -that target only those pathways that are clinically beneficial. Such an approach could help circumvent the strong side-effects of chemotherapy.
THE POTENTIAL OF LARGE DATA SETS FOR EXPRESSION ANALYSIS
The analysis of a 'compendium of expression profiles' from a large set of yeast mutants did establish the true potential of a comprehensive transcription analysis [56] . By comparing expression profiles of uncharacterised yeast mutants to a large and diverse set of reference profiles it was possible to match profiles of unknown mutants to profiles of mutants in known cellular pathways [*57]. As a first step towards standardizing profiling results in the study by Hughes et al., sets of genes with transcriptional fluctuations under apparently identical experimental conditions were identified. Based on these measurements an 'error model' was applied that valued the significance of a transcriptional change based also on the fluctuation in the control experiment. One very important finding in this study was that, based on their expression profiles mutants that are known to share a phenotype, generally clustered -or, in other words, mutants that affect the same cellular process, such as mitochondrial respiration, mating, or sterol pathway etc., often display related transcription profiles. In turn, it was possible to predict cellular functions of unknown genes based solely on their consistent affiliation to a group of coregulated genes with known biological function. It was shown that the co-regulation of unknown genes with well characterized pathways can be indicative of a potential function of the unknown gene in a particular biological process. For example, a group of more than 100 genes was described that was co-regulated with components of the mitochondrial ribosome in 300 experiments. Approximately one third of them were unknown open reading frames; by mutagenising a selection of these genes and analysing respiratory deficiencies, it was demonstrated that clusters of co-regulated genes may be used to enrich for genes of a particular cellular function.
The analysis of transcript profiles during the metamorphosis of Drosophila has demonstrated that such correlations between characteristics of expression profiles and complex biological processes can also be established during developmental stages of multi-cellular organisms [58] . In this study co-regulated groups of genes that are involved, for example, in larval muscle breakdown, adult myogenesis, programmed cell death or cellular differentiation were identified which are known to be induced by ecdysone, an initiator signal of metamorphosis.
These observations were made despite the restriction that entire organisms were used for this analysis of stage related expression profiles.
The next logical step in this type of analysis is, of course, the comparison of mutant versus wildtype transcript profiles. Whereas the current knowledge of gene function is usually limited to single pathways or a small set of target genes, transcription profiling of single gene mutants will allow the holistic analysis of regulatory interactions in global molecular networks. The large number of mouse mutants, that is currently generated, provides the resources needed to extend the analysis of transcription profiles in mammals to the same level as the 'compendium analysis' performed for yeast [57] . Similar to the study of yeast mutants and the recent progress in the classification of histologically and morphologically indistinguishable cancers, it will be possible to identify new categories within mutants of similar phenotypic traits. This will allow the determination of new molecular pathways that are associated with particular biological processes in mammals. In fact, the major difference between a differential transcriptome analysis of yeast and mice -besides the complexity of the genome (approximately 6.000 genes versus around 50.000 genes in mammals) -lies in the heterogeneity of tissue samples. Even if expression profiles are established for every discrete organ, it has to be considered that their cellular constitution is not homogenous, such that the transcript profile is the net result of different associated cell types. In addition, 'growth conditions' or environmental factors of higher animals are more complex than in vitro cultures of cells. They require stringent tests for the reproducibility of experiments. Important factors that ultimately affect gene expression and that have to be considered for the reproducibility of experiments are (or may be) parameters such as climate, nutrition, circadian rhythm, cage size, architecture of the cage, type of bedding, age of weaning and age at the time of the experiment, previous experimental procedures, number of siblings, the number of mice per cage and other parameters. However, our preliminary observations on expression profiles from organs of isogenic mouse strains that have been raised under specified pathogen free (spf) conditions and that have been treated using standardised operating protocols suggest, that highly reproducible expression profiles can be achieved under these conditions.
The storage and analysis of such collections of mouse mutant transcript profiles requires archiving in databases and software tools for the efficient analysis of expression patterns [59, 60] . One important aspect in this regard will be to link existing genetic and phenotypic information on mutants with comprehensive expression data. For the mouse, already one solution on how such data can be presented in a way that is useful for the scientific community has been put in place in the databases of The Jackson Laboratory (GXD) for 'classical' single gene expression data from in situ techniques, Northern analysis, or PCR based expression analysis (www.informatics.jax.org) [61, 62] . In particular, the integration in the GXD database of an 'Anatomical Dictionary Browser', which essentially represents an ontology of all structures, organs and tissues present in the mouse at each developmental stage, provides the basis for efficient data-mining. Similarly, a common language for phenotypic descriptions must be developed [63, 64] .
Several recent publications suggest that despite the complexity of mammalian organs, expression profiling is a useful tool to identify pathways associated with particular biological processes in mammalian organs. It was shown, for example, that ageing of the neocortex and cerebellum in mice is associated with changes in the expression of genes that are indicative, for example, of inflammatory response, oxidative stress and reduced neurotrophic support in these brain regions. This ageing related gene expression pattern was at least partially reversed by caloric restriction, suggesting that metabolic alterations have profound effects on brain ageing. Interestingly, the transcriptional response to ageing in the mouse brain has significant similarities to that in human neurodegenerative disorders, such as Alzheimer's disease [65, 66] . The differential gene expression in several brain regions and the response to seizure in two inbred mouse strains has also been analysed [67] . This study provided strong evidence for differential gene expression between isogenic mouse strains. This suggests that differences in gene expression may account for distinct phenotypes in inbred strains. Although these transcriptome studies in the mouse have clearly shown that important and interesting biological information can be obtained by analysing heterogeneous tissues, there is no doubt that the implication of innovative technologies to reduce tissue complexity, such as laser-microdissection, will further improve the interpretation of gene expression data [68, 69] . Whereas the microdissection technique is well established, the major challenge will be to improve the sensitivity of microarray hybridisations, for example, by establishing protocols for linear amplification of mRNA.
Another important by-product of a systematic analysis of expression profiles of uncharacterised mouse mutants is that it allows an efficient support of candidate gene approaches. By combining rough gene mapping data and the information on affected pathways in mutants, candidate genes can be selected from critical genomic intervals [70] . In addition, gene expression profiling of organs from uncharacterised mutagenised mice can be used as first line assay to identify new mutants. In this sense, expression profiling can be regarded as a complementary approach to phenotypic screens at a new molecular level ('molecular phenotyping'; Fig. 1 ) [71] . This data will be particularly informative, once profiles of uncharacterised mutants can be correlated to large sets of expression data from well characterised mouse mutant lines. Such data mining approaches will shorten the route from highly-parallel approaches, genomic sequence and functional genomics to a new level of hypothesis driven experimental biology.
TO THE TRANSCRIPTOME AND BEYOND
Most biochemical processes within and between cells are put into effect by the interaction between proteins, or between proteins and their substrates. The proteome of a cell is the result of controlled biosynthesis, and hence largely (but not exclusively) regulated by gene expression. In turn, gene expression can be regarded as a sensitive read-out of the biochemical state of the cell, or in other words the proteome. Transcriptome and proteome feedback to each other in a highly complex and somehow controlled way. Thus, the regulatory context is a crucial part of gene function [72] . The understanding of this functional regulation is until today limited to isolated signalling or metabolic pathways. The regulatory interactions within the molecular network of the cell are far from being understood. However, evidence is accumulating that those single pathways that have been studied in diverse organisms are in fact mere components of complicated networks "that integrate many inputs to generate the complex output that is cell behaviour" [73] . When it will be achieved to integrate techniques to isolate homogenous populations of cells from complex tissues, such as microdissection, with techniques that allow comparative transcriptome and proteome analyses in mutant animals, then it will be possible -for the first time -to analyse gene function in the context of the molecular network of the cell (Fig. 1) . Such an holistic approach of molecular analysis would have important synergistic effects on the analysis of regulatory interdependencies that determine the molecular phenotype of the cell; it would also allow to distinguish between transcriptional and post-transcriptional regulation in a holistic approach.
What can we learn from comprehensive functional genomics and proteomics? At the end of this era we will probably have a good understanding on how components of the transcriptome or the proteome relate to each other on the cellular level, how the function of single gene products affects the molecular network of the cell, and how transcriptome and proteome regulate each other. We may also know for most genes what the consequences of changes in the biochemical status of cells are on the physiological, morphological and anatomical level -with some inherent restrictions due to the experimental system [74] . But what about epigenetic factors or environmental determination? Should it not be expect that if we largely understand the genetic determination of organisms (at some time in the future) -from embryonic development, over disease, to social and psychological traits -we will also improve our knowledge on those traits that are not genetically determined? Although there are several instances where specific alleles have been implicated in psychological traits or social behaviour in man, such as schizophrenia or male homosexuality [75, 76] , it is probably obvious that a human being is not only the result of its genetic constitution. However, also these environmental or epigenetic factors will find their manifestation in the physiological state of the cell and thus are detectable in changes of the proteome or the transcriptome.
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